Introduction {#sec1}
============

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive cancers and is projected to be the second leading cause of cancer mortality in the United States by 2030, accounting for 63 000 deaths per year \[[@bib1],[@bib2]\]. The main mutation in 95% of PDAC patients is *KRAS*; however, direct targeting of mutant KRAS has been challenging \[[@bib3]\]. Therefore, strategies to target downstream signals of KRAS are currently under investigation.

Current treatment strategies for pancreatic cancer include surgery, chemotherapy, and chemoradiation therapies. Patients who become resistant to these treatments present with highly lethal metastatic tumors. Cancer stem cells (CSCs) with self-renewing capacity have been identified in PDAC. In addition to tumor initiation, these pancreatic CSCs have been implicated in chemoresistance and cancer metastasis \[[@bib4]\] Therefore, identification of molecules that are both downstream of *KRAS* and can control pancreatic CSCs may lead to new treatment strategies for this malignancy.

IκB kinase enhancer (IKBKE) has been identified as an important oncogene in several cancers \[[@bib5], [@bib6], [@bib7], [@bib8]\]. Overexpression of IKBKE may result from genetic changes, such as copy number gain and transcriptional activation in breast cancer \[[@bib5]\]. We have previously shown that STAT3-induced IKBKE transcription and resulted in chemotherapy resistance in lung cancers \[[@bib9]\]. It was also shown that *KRAS*-induced IL-1β could upregulate IKBKE levels in nonsmall cell lung cancer cells and that these cells were sensitive to inhibition of IKBKE/TANK-binding kinase 1 (TBK1) \[[@bib10]\]. Another study identified IKBKE as an important transcriptional target of Gli1 and a mediator of oncogenic activity of Gli1 in PDACs \[[@bib11]\]. Moreover, upregulation of IKBKE induced cell transformation, cell survival, proliferation, migration/invasion, and chemoresistance, whereas depletion of IKBKE exerted opposite effects \[[@bib5], [@bib6], [@bib7], [@bib8], [@bib9],[@bib11], [@bib12], [@bib13], [@bib14]\]. Although it belongs to the IκB kinase family, IKBKE only shares ∼27% homology with IκB kinase-α and IκB kinase-β and 64% with TBK1. IKBKE activates nuclear factor-ĸB through phosphorylation of IĸB-Ser32, CYLD-Ser418, TRAF2-Ser11, and p65-Ser536 \[[@bib14], [@bib15], [@bib16], [@bib17]\], which leads to the induction of CCL5 and IL-6 and subsequent activation of the JAK/STAT3 pathway \[[@bib10],[@bib18]\]. Our group previously showed that IKBKE directly phosphorylates AKT at Ser473 and Thr308, leading to AKT activation independent of phosphoinositide 3-kinase (PI3K) and mTORC2 complex \[[@bib13]\]. IKBKE was shown to be upregulated in ∼30% of breast cancer cases \[[@bib5]\]. We have also shown that IKBKE is upregulated in ∼50% of pancreatic cancer cases and that increased IKBKE expression is associated with poor patient survival \[[@bib12]\]. Collectively, these studies show that IKBKE plays a pivotal role in human malignancy and could be a critical therapeutic target for PDAC.

Recent studies have identified two small-molecule compounds, amlexanox and CYT387, which directly inhibit IKBKE/TBK1 kinase activity \[[@bib10],[@bib18],[@bib19]\]. Amlexanox is FDA approved for the treatment of aphthous ulcers and has been shown to reduce obesity in mice on high-fat diets by sensitizing cells to insulin \[[@bib19]\]. CYT387 is a known JAK1/JAK2 inhibitor that is in clinical trials for myeloproliferative disorders \[[@bib20], [@bib21], [@bib22]\]. CYT387 was also shown to inhibit IKBKE/TBK1 by direct inhibition of its kinase activity \[[@bib10],[@bib18]\].

In this article, our aim was to investigate whether depletion of IKBKE reduced cell viability and CSC properties in PDAC. We also tested IKBKE inhibitors in vivo on tumor growth and metastasis of PDAC cells and in vitro in a mouse model. We studied the consequences of IKBKE inhibition on the receptor tyrosine kinase (RTK)/mitogen-activated protein kinase (MAPK) pathway. Finally, we combined IKBKE inhibitors with trametinib, an FDA-approved MEK inhibitor, to investigate the effects of this combination on PDAC growth and metastasis.

Materials and Methods {#sec2}
=====================

Cell lines and reagents {#sec2.1}
-----------------------

The PDAC cells were purchased from the American Type Culture Collection and used within 6 months of thawing. L3.6 pl, Mia Paca-2, and Panc1 PDAC cells were maintained in Dulbecco\'s Modified Eagle Medium (DMEM) (Gibco) with 10% FBS and 1% penicillin-streptomycin. ASPC1, T3M4, and BXPC3 PDAC cells were cultured in RPMI 1640 containing 10% FBS and 1% penicillin-streptomycin. HPNE-vec and HPNE-KRAS PDAC cells were cultured in media containing 75% DMEM with reduced glucose, 25% medium M3 base (Incell Corp, \#M300F-500), 5% FBS, 10 ng/mL of recombinant human epidermal growth factor, and 750 ng/mL of puromycin. Amlexanox was purchased from Abcam, and CYT387 and trametinib were purchased from Selleckchem. For the in vivo studies, CYT387 and trametinib were purchased from APExBIO. The short hairpin RNAs (shRNAs) and expression plasmids for IKBKE have been previously described \[[@bib6],[@bib7]\]. siRNAs for ErbB3 (Mission siRNA: SASI_Hs01_00196190) and IGF-1R (Mission siRNA: SASI_Hs01_00126194) were purchased from Sigma. Cell transfection was performed using Lipofectamine 2000 (Life Technologies), according to the manufacturer\'s protocol. All antibodies except IKBKE (Sigma), IGF-1R (Santa Cruz), Ki-67 (Abcam), and CD31 (Abcam) were purchased from Cell Signaling Technologies.

Cell viability and drug synergy studies {#sec2.2}
---------------------------------------

For cell viability, cells were plated at a density of 4000 cells/well in 96-well plates with quadruple wells for each treatment. siRNA transfections were performed 24 h after cells were plated. Inhibitor treatments were performed as indicated in the figure legends ([Figure 1](#fig1){ref-type="fig"}, [Figure 2](#fig2){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"} and [Supplementary Figures 1 and 5](#appsec1){ref-type="sec"}). Cell viability was measured 72 h after treatment with thiazolyl blue tetrazolium bromide (MTT) (Sigma) according to the manufacturer\'s protocol.Figure 1**IKBKE is an important oncogene in pancreatic ductal adenocarcinoma. A,** Lysates from human pancreatic tumor (T) and normal pancreas (N) and **B,** mutant KRAS or wild type KRAS PDAC cells were subjected to Western blot analyses with IKBKE and actin. **C and D,** PDAC cell lines were transfected with 2 siRNAs for IKBKE. MTT assay was performed 72 h after transfection. Knockdown efficiency of the siRNAs is shown. **E and F,** Soft agar colony formation assays in MiaPaCa-2 and metastatic L3.6 pl cells transfected with 2 siRNAs for IKBKE. Colonies were counted after 10 days. IKBKE knockdown significantly inhibited the colony formation. **G--H,** Aldefluor assays were performed on L3.6 pl cells with IKBKE knockdown or control cells as described in Materials and Methods. Diethylaminobenzaldehyde (DEAB) was used as a control. IKBKE knockdown significantly reduced the number of cancer stem cells. **I,** CSC spheres from control or IKBKE siRNA-transfected L3.6 pl cells. IKBKE knockdown significantly inhibited the sphere formation. **J--K,** L3.6 pl cells transfected with control siRNA or IKBKE siRNAs were plated in Boyden chambers for migration (**J**) or invasion (**K**) assays. \**P* \< .05 and \*\**P* \< .002.Fig. 1Figure 2**IKBKE/TBK1 inhibitor CYT387 reduced cell viability, cell motility, and cancer stem cell populations in PDAC cells**. **A,** PDAC cell lines were treated with increasing concentrations of CYT387 and MTT assay was performed after 72 h. **B**, CYT387 inhibited L3.6 pl cell sphere formation compared with vehicle. **C and D,** L3.6 pl cells were plated with indicated amounts of CYT387 or vehicle for cell invasion (**C**) or migration (**D**) assays. **E and F,** L3.6 pl cells were treated with 2 μM of CYT387 for 96 h and ALDH-positive CSC population was assessed using Aldefluor kit. **G**, Western blot analyses of L3.6 pl cells treated with different doses of CYT387 for 24 h showed decreased phosphorylation of STAT3 and AKT and increased phosphorylation of ERK1/2. \**P* \< .05 and \*\**P* \< .002.Fig. 2

For drug synergy studies, cells were treated with increasing concentrations (at equal ratios) of the inhibitors, and cell viability was measured as described previously \[[@bib23]\]. Combination indices for each treatment were calculated using the Chou-Talalay method in CompuSyn \[[@bib24]\].

Colonogenic survival (anchorage independent) growth assay {#sec2.3}
---------------------------------------------------------

Standard soft agar colony formation assays were performed in Mia PaCa-2 and metastatic L3.6 pl cells. The treated cells were seeded at a density of 2000 per well in a 12-well plate in 0.3% agar over a 0.6% bottom agar layer. Colonies were fed with growth media and growth of colony formation was observed for 10 days. Colonies were photographed after overnight incubation with 1 mg/mL MTT in the wells. The colonies were counted under stereomicroscope and compared with control vehicle. Each experiment was performed in triplicate.

Migration and invasion assays {#sec2.4}
-----------------------------

Cell migration and invasion assays were performed as described previously \[[@bib25]\]. Indicated amounts of inhibitors were added to the top chamber, and the cells were allowed to migrate or invade at 37 °C for 16 h.

Three-dimensional matrigel spheroid culture {#sec2.5}
-------------------------------------------

Cells were cultured in a three-dimensional on-top format as described previously \[[@bib26]\], with slight modifications. Reduced growth factor Matrigel (2.5%, Corning) was used as the extracellular matrix, and cells were cultured for 4 days. Three-dimensional spheroids were counted using an inverted microscope at × 10 magnification.

Cancer stem cell assays {#sec2.6}
-----------------------

Cancer stem cell populations were determined using Aldefluor kit from Stemcell Technologies according to the manufacturer\'s protocol. Sphere assays were performed by growing cells at a density of 5 000 cells/well in ultralow attachment 6-well plates as described previously \[[@bib27]\].

RNA isolation and reverse transcription-quantitative polymerase chain reaction {#sec2.7}
------------------------------------------------------------------------------

RNA was isolated using Trizol reagent from Life Technologies according to the manufacturer\'s instruction. Reverse transcription-quantitative polymerase chain reaction (PCR) was performed as described previously \[[@bib25]\]. Primer sequences were as follows: for ErbB3, forward 5′-ACAGTCTGCTGACTCCTGTT-3′ and reverse 5′-GAACTGAGACCCACTGAAGA-3'; for IGF-1R, forward 5′-TGTGTGGACCGTGACTTCTG-3′ and reverse 5′-GGACCTTCACAAGGGATGCA-3' (IDT Technologies, Coralville, IA).

Phospho-RTK arrays {#sec2.8}
------------------

Phospho-RTK arrays (R&D Biosystems) were used as described previously \[[@bib28]\], with slight modifications. The RTK membranes were incubated with 50 μg of lysates from L3.6 pl cells treated with 2 μM of CYT387 or vehicle for 24 h or 250 μg of lysates from L3.6 pl cells treated with 2 μM of CYT387 or vehicle for 36 h. Detection of activated RTKs was performed according to the manufacturer\'s protocol.

Animals and treatment {#sec2.9}
---------------------

Female athymic nude mice (6 weeks old, 20--23 g) were purchased from Charles River (Wilmington, MA, USA). Mice (n = 20) were orthotopically implanted with luciferase-expressing L3.6 pl cells (1 million in 50 μL) to the pancreas. After 1 week, the mice were randomly divided into treatment and control groups. The mice were treated with vehicle or amlexanox at 50 mg/kg for 5 days/week. For CYT387 treatments, the mice were divided into 4 groups as follows: vehicle, CYT387, trametinib, and CYT387 plus trametinib. The mice were treated as described previously \[[@bib18]\], at 10 mg/kg of CYT387 or 2.5 mg/kg of trametinib for 5 days/week. Drug treatments were performed by oral gavage. The tumor volume was measured once per week using IVIS 200 (Xenogen). After 4 weeks of treatment, the animals were killed and tumor weight and liver metastases were recorded. Half of the tumor tissues were immediately immersed in liquid nitrogen for biochemical analyses, and the remaining half were fixed in buffered formalin for histological analyses. The care and use of animals were approved by our Institutional Laboratory Animal Care and Use Committee and as per the guidelines of the National Institutes of Health.

Statistical analyses {#sec2.10}
--------------------

One-way analysis of variance (ANOVA) was used for analyzing the animal experiments, and a two-tail unpaired *t*-test was used for analyzing statistics for all experiments performed.

Results {#sec3}
=======

IKBKE knockdown led to decreased PDAC cell viability, CSCs, and invasion {#sec3.1}
------------------------------------------------------------------------

We previously observed that IKBKE expression is elevated in approximately 50% of PDAC patients \[[@bib12]\] and that higher levels of IKBKE correlate with poor patient survival. Moreover, we found that IKBKE expression is higher in early stages of pancreatic cancer, which is suggestive of its role in tumor initiation \[[@bib12]\]. Here, we further showed that IKBKE expression is elevated in human pancreatic tumor compared with normal pancreas ([Figure 1](#fig1){ref-type="fig"}A) and in several PDAC cell lines ([Figure 1](#fig1){ref-type="fig"}B). To study the dependence of PDAC growth on IKBKE expression, we depleted IKBKE in a panel of PDAC cells using two different siRNAs and found that viability of these cells (anchorage-dependent and -independent growth) was lower when IKBKE was depleted ([Figure 1](#fig1){ref-type="fig"}C--F; [Supplementary Figure 2](#appsec1){ref-type="sec"}). We noted that cells with wild type KRAS and low IKBKE were resistant to IKBKE knockdown. Because pancreatic CSCs are intrinsically resistant to many therapeutic agents, are highly tumorigenic, and are responsible for PDAC metastasis and treatment failure \[[@bib4]\], we examined the effects of IKBKE on pancreatic CSCs. The population of pancreatic CSCs evaluated by aldehyde dehydrogenase (ALDH) staining was significantly lower in IKBKE siRNA-transfected cells compared with control siRNA ([Figure 1](#fig1){ref-type="fig"}G). Moreover, stem cell sphere growth was significantly reduced in IKBKE knockdown cells ([Figure 1](#fig1){ref-type="fig"}H). In addition, depletion of IKBKE led to decreased migration and invasion ([Figure 1](#fig1){ref-type="fig"}I and J) in L3.6 pl cells. These results demonstrate that IKBKE is important for PDAC cell survival and CSC growth and invasion.

Effect of pharmacological inhibition of IKBKE on PDAC phenotype {#sec3.2}
---------------------------------------------------------------

Amlexanox and CYT387 have recently been identified as inhibitors of IKBKE \[[@bib10],[@bib19]\]. To study the efficacy of these inhibitors in PDAC, we treated 5 PDAC cell lines with increasing concentrations of amlexanox ([Supplementary Figure 1A](#appsec1){ref-type="sec"}) and CYT387 ([Figure 2](#fig2){ref-type="fig"}A) and measured the cell viability using MTT assay. IC~50~ for growth inhibition of amlexanox and CYT387 were 50--100 μM and 2--4.5 μM, respectively. Interestingly, both inhibitors reduced three-dimensional sphere growth of L3.6 pl cells ([Supplementary Figure 1B](#appsec1){ref-type="sec"} and [Figure 2](#fig2){ref-type="fig"}E). Consistent with the IKBKE knockdown data ([Figure 1](#fig1){ref-type="fig"}), inhibition of IKBKE with CYT387 reduced cell invasion ([Figure 2](#fig2){ref-type="fig"}C), migration ([Figure 2](#fig2){ref-type="fig"}D), and the percentage of ALDH-positive staining ([Figure 2](#fig2){ref-type="fig"}E and F) in L3.6 pl cells. Similar effects were observed when L3.6 pl cells were treated with amlexanox ([Supplementary Figure 1C and 1D](#appsec1){ref-type="sec"}).

Amlexanox, an antiinflammatory agent, is an approved small-molecule therapeutic presently used in the clinic to treat aphthous ulcers and asthma \[[@bib29],[@bib30]\] and is currently in clinical trial for obesity and type 2 diabetes \[[@bib31]\]. To evaluate its antitumor activity in vivo, an orthotopic PDAC model was generated by injection of L3.6 pl cells into the pancreases of nude mice. After 1 week, the mice were randomly divided into 2 groups, one of which was orally treated with amlexanox and the other administered with vehicle. After the 4-week treatment, amlexanox led to modest reductions in tumor growth ([Supplementary Figure 3A--C](#appsec1){ref-type="sec"}) and metastasis ([Supplementary Figure 3D--F](#appsec1){ref-type="sec"}). Further investigation of xenograft tissues showed marked decreases in cell proliferation (Ki-67^+^) and angiogenesis (CD31^+^) ([Supplementary Figure 3E](#appsec1){ref-type="sec"}). These data show that IKBKE inhibitors could have an antitumor effect in highly metastatic PDAC cells.

Inhibition of IKBKE leads to feedback activation of the RTKs/MAPK pathway by reactivation of FOXO3 {#sec3.3}
--------------------------------------------------------------------------------------------------

To understand the effects of IKBKE inhibitors on downstream signaling, immunoblot analyses were performed in L3.6 pl cells treated with increasing concentrations of CYT387 ([Figure 2](#fig2){ref-type="fig"}G) or amlexanox ([Supplementary Figure 4A](#appsec1){ref-type="sec"}) for 24 h. We found that both inhibitors abrogate phospho-AKT and phospho-STAT3, which are 2 major downstream targets of IKBKE \[[@bib10],[@bib13]\]. We previously showed that IKBKE inhibition led to the activation of the ERK1/2 pathway \[[@bib23]\] in nonsmall cell lung cancer cells. Therefore, we investigated whether IKBKE inhibitors induced ERK1/2 pathway in PDAC. Here, we found that IKBKE inhibition led to significantly increased pERK1/2 in multiple PDAC cell lines ([Supplementary Figure 4B](#appsec1){ref-type="sec"}). Furthermore, immunostaining of amlexanox-treated orthotopic tumors also showed activation of ERK1/2 ([Supplementary Figure 3E](#appsec1){ref-type="sec"}). A time course experiment in L3.6 pl cells showed prolonged activation of the BRaf-MEK-ERK pathway for up to 48 h after CYT387 treatment ([Supplementary Figure 4C](#appsec1){ref-type="sec"}). To confirm that this feedback activation of ERK1/2 was because of IKBKE inhibition, we conducted Western blot analyses with lysates from IKBKE knockdown or control siRNA-treated L3.6 pl cells. IKBKE knockdown led to similar elevation of pERK1/2 ([Supplementary Figure 4D](#appsec1){ref-type="sec"}).

It was previously shown that inhibition of AKT leads to feedback activation of RTK/MAPK by reactivation of FOXO3a, which induces RTK transcription \[[@bib28]\]. Because IKBKE can inhibit FOXO3a by direct phosphorylation \[[@bib7]\] or by activation of AKT, we hypothesized that inhibition of IKBKE-induced pERK1/2 could result from RTK activation. By hybridization of the phospho-RTK array with CYT387-treated and untreated cell lysates, we found that CYT387 treatment led to marked increases in phospho-ErbB3 and phospho-IGF-1R ([Figure 3](#fig3){ref-type="fig"}A and B). Time course studies with CYT387 showed that ErbB3 and IGF-1R activation was observed by 24 h. Furthermore, CYT387 treatment resulted in increased expression of ErbB3 and IGF-1R at protein ([Figure 3](#fig3){ref-type="fig"}C) and mRNA levels ([Figure 3](#fig3){ref-type="fig"}D).Figure 3**Inhibition of IKBKE leads to transcriptional upregulation of several RTKs**. **A,** 50 μg of lysates from L3.6 pl cell treated with 2 μM of CYT387 for 24 h were incubated with phospho-RTK arrays. Western blot with pan-tyrosine antibody revealed activation of ErbB3. **B,** Phospho-RTK array analysis with 250 μg of lysates from L3.6 pl cells treated with 2 μM of CYT387 for 36 h showed significant activation of IGF-1R. **C,** Western blot analysis of lysates from L3.6 pl cells treated with 2 μM of CYT387 for indicated times showed increased activation and protein expression of IGF-1R and ErbB3. **D,** Quantitative PCR with ErbB3 and IGF-1R primers using RNA from L3.6 pl cells treated with 2 μM of CYT387 for indicated amount of time. Actin was used as a control. \**P* \< .05.Fig. 3

We next examined whether ErbB3 and IGF-1R are required for IKBKE inhibition-mediated feedback of ERK1/2 activation. We transfected L3.6 pl cells with siRNAs of ErbB3 and IGF-1R followed by CYT387 treatment and found that knockdown of ErbB3 or IGF-1R significantly decreased CYT387-activated ERK1/2 ([Figure 4](#fig4){ref-type="fig"}A). Interestingly, we found that CYT387 inhibited phosphorylation of FOXO3a but induced total FOXO3a, ErbB3, and IGF-1R expression ([Figure 4](#fig4){ref-type="fig"}B). Knockdown of FOXO3 largely reduced CYT387-induced expression of ErbB3 and IGF-1R at protein and mRNA levels as well as pERK1/2 ([Figure 4](#fig4){ref-type="fig"}B and C). These results indicate that pharmacological and genetic inhibition of IKBKE feedback activates the MAPK pathway through induction of RTKs by reactivation of FOXO3.Figure 4**Inhibition of ErbB3 or IGF-1R inhibits CYT387-mediated ERK1/2 activation**. **A,** 24 h after L3.6 pl cells were transfected with control siRNA or siRNAs targeting ErBB3 or IGF-1R, cells were treated with 2 μM of CYT387 for an additional 24 h and Western blot was performed using indicated antibodies. **B,** 36 h, h after L3.6 pl cells were transfected with control or FOXO3a-specific siRNAs, cells were treated with CYT387 for an additional 24 h and Western blot was performed using indicated antibodies. Band intensities were quantified using ImageJ software. **C,** L3.6 pl cells were treated as described in **B** and RNA was isolated. Quantitative PCR with ErbB3 and IGF-1R primers were performed. \**P* \< .05 and \*\**P* \< .002. Knockdown of FOXO3 reduced CYT387-induced expression of ERB3 and IGFR-1R miRNA levels.Fig. 4

Combination of IKBKE and MEK inhibitors inhibited PDAC cell survival, CSC renewal, tumor growth, and liver metastasis in an orthotopic PDAC model {#sec3.4}
-------------------------------------------------------------------------------------------------------------------------------------------------

Because inhibition of IKBKE feedback activates the MAPK pathway, we next investigated the effects of the combination of IKBKE and MEK inhibitors on PDAC cell viability, proliferation, and CSC growth. With the exception of ASPC1 cells, CYT387 synergized strongly with trametinib, an FDA-approved MEK inhibitor, in the PDAC cell lines tested ([Figure 5](#fig5){ref-type="fig"}A, [Supplementary Figure 5](#appsec1){ref-type="sec"}). Furthermore, the combined treatment resulted in less colony growth than either agent alone ([Figure 5](#fig5){ref-type="fig"}B) and caused a dramatic decrease in CSC self-renewal ([Figure 5](#fig5){ref-type="fig"}C). Western blot analyses revealed that trametinib completely abrogated CYT387-induced ERK activation ([Supplementary Figure 6A and B](#appsec1){ref-type="sec"}). In agreement with a previous report \[[@bib32]\], we found that trametinib treatment alone induced pSTAT3, which was inhibited by the CYT387 treatment ([Supplementary Figure 6A and B](#appsec1){ref-type="sec"}). Notably, the combined treatment led to a significant increase in Poly (ADP-ribose) polymerase cleavage ([Supplementary Figure 6A](#appsec1){ref-type="sec"}).Figure 5**CYT387 synergizes with trametinib in pancreatic cells in vitro and in vivo. A,** An MTT assay was performed on L3.6 pl cells that were treated with indicated amounts of CYT387 and trametinib for 72 h. CYT387 and trametinib show synergy in reducing cell viability. Combination indices are shown. **B,** L3.6 pl cells were cultured in 1 μM of CYT387 and 15 nM of trametinib or the combination for 10 days, and colonies were visualized by crystal violet staining. **C,** L3.6 pl cells were cultured under CSC culture conditions with 2 μM of CYT387 and/or 30 nM of trametinib. After 10 days, the number of spheres was counted. Two passages of cells were performed, with representative colony sizes shown. **D,** Tumor volumes of the L3.6 pl orthotopic tumors were measured once per week for 4 weeks. **E,** Tumor weights from mice bearing L3.6 pl orthotopic tumors and representative images of tumors at endpoint are shown. **F,** Liver metastasis scores at the endpoint. \**P* \< .05 and \**\*P* \< .002.Fig. 5

We further tested the in vivo efficacy of IKBKE and MEK inhibitors alone and in combination in an orthotopic PDAC model. Tumor growth in our L3.6 pl cell-implanted mouse model was monitored weekly by Xenogen. Treatment with CYT387 alone showed a 37% decrease, trametinib resulted in a 45% decrease, and the combined treatment resulted in a 67% decrease in tumor volume ([Figure 5](#fig5){ref-type="fig"}D) as well as decreased tumor weight ([Figure 5](#fig5){ref-type="fig"}E). After 4 weeks of treatment, liver metastases were examined by Xenogen analyses of the removed livers and measured ([Figure 5](#fig5){ref-type="fig"}F). Liver metastasis was significantly lower in mice that received combined treatment than in mice treated with either CYT387 or trametinib alone ([Figure 5](#fig5){ref-type="fig"}F). Similarly, immunohistochemistry analyses showed an increase in apoptosis and a decrease in proliferating cells and angiogenesis with the combination treatment ([Supplementary Figure 6C](#appsec1){ref-type="sec"}). Consistent with in vitro observations, CYT387 induced activation of ERK1/2 in vivo ([Supplementary Figure 6B](#appsec1){ref-type="sec"}). Further analysis of the xenograft tissues by Western blot revealed that trametinib treatment led to a significant increase in phospho-AKT and the combination treatment abrogated these feedback activation events ([Supplementary Figure 6B](#appsec1){ref-type="sec"}). Interestingly, Reverse transcription-quantitative PCR analyses showed that ErbB3 and IGF-1R expression levels were increased with CYT387 or trametinib treatment alone or in combination ([Supplementary Figure 6D](#appsec1){ref-type="sec"}), supporting our findings and a previous report that inhibition of ERK1/2 led to increased ErbB3 and IGF-1R expression \[[@bib33]\]. Together, these data indicate cotargeting IKBKE and its feedback activation pathway as a promising targeted therapy in PDAC.

Discussion {#sec4}
==========

Although *KRAS* mutations are observed in about 95% of PDAC patients, targeting *KRAS* has not been successful. Therefore, it is important to understand and target the pathways downstream of *KRAS* signaling. In this study, we demonstrated that depletion of IKBKE reduces cell viability, CSC renewal, and cell motility in PDACs. Mutant *KRAS* was previously shown to regulate IKBKE expression through Gli transcription factor, and IKBKE expression correlated with poor survival in pancreatic cancer patients \[[@bib11]\]. However, the efficacy of pharmacologic inhibitors of IKBKE was not evaluated in PDACs. In this study, we characterized IKBKE as a targetable pathway in PDAC. We also showed that amlexanox, a specific inhibitor of IKBKE/TBK1 that is in clinical trial for type 2 diabetes and obesity, and CYT387, a JAK and IKBKE/TBK1 inhibitor that is in clinical trials for myelodysplastic syndromes, are efficient in inhibiting cell viability, invasion, migration, and CSC population in vitro. These inhibitors showed moderate effects on tumor growth and metastasis in vivo, and we found that inhibition of IKBKE led to feedback activation of ERK1/2 because of rapid upregulation of ErbB3 and IGF-1R expression. We also report that the feedback activation of ErbB3/IGF-1R with CYT387 treatment is mediated by the release of suppression of FOXO3a, a known downstream target of IKBKE. This is the first report demonstrating preclinical evidence that IKBKE inhibitors are effective in PDAC. In addition, we provide mechanistic evidence for the feedback circuit that is activated after IKBKE inhibition.

MAPK and PI3K/AKT are major signaling cascades that mediate *KRAS* oncogenic activity \[[@bib34]\], and combined inhibition of both the MAPK and PI3K/AKT pathways are currently being evaluated \[[@bib35]\]. Here, we showed that IKBKE regulates multiple oncogenic pathways, such as AKT and STAT3 in PDAC. In addition, because inhibition of MAPK signaling leads to feedback activation of AKT \[[@bib33]\] and STAT3 pathways \[[@bib32]\], cotargeting IKBKE and MAPK signaling will be important in PDAC. Moreover, STAT3 pathway activation was shown to be responsible for increased metastasis of melanoma cells with MEK inhibition \[[@bib32]\] and was implicated in resistance to several targeted therapies \[[@bib36]\]. Hence, targeting IKBKE in these scenarios may show better efficacy. Similar to our results, ErbB3 and IGF-1R upregulation was implicated in therapeutic resistance in several studies \[[@bib27],[@bib28],[@bib33],[@bib36], [@bib37], [@bib38], [@bib39], [@bib40], [@bib41]\], and we provide evidence that FOXO3a is required for this upregulation of RTKs.

CSCs have been shown to be important for pancreatic tumorigenesis and metastasis \[[@bib4],[@bib42]\]. In addition, stem cell--like cells have an ability to differentiate into endothelial cells and promote angiogenesis \[[@bib43],[@bib44]\]. Interestingly, we found that IKBKE expression can modulate the CSC population. Although the mechanism by which IKBKE regulates CSCs is unknown, it was shown that TBK1, a homolog of IKBKE, plays a role in CSC self-renewal and tyrosine kinase inhibitor resistance in lung cancers \[[@bib45]\]. Hence, inhibitors targeting IKBKE/TBK1 can potentially be used to reduce CSCs in PDAC.

Finally, we have shown that the IKBKE inhibitors synergize with the MEK inhibitor trametinib to reduce cell viability and CSC population in vitro and tumor growth and metastasis in vivo. We have also shown that the combination treatment synergistically reduced in vivo cell proliferation and angiogenesis. Of note, trametinib treatment in vivo led to an increase in phospho-AKT as shown before \[[@bib33]\]. Hence, cotreatment with IKBKE inhibitors can increase the efficacy of trametinib. A phase I study is currently ongoing to identify the limiting dose of this combination in KRAS-mutant lung cancer patients who are resistant to platinum-based therapies (NCT02258607). Our results provide a strong rationale for similar trials in PDAC.

Limitations {#sec4.1}
-----------

It is important to note the limitations of our research. Firstly, the reason for the IKBKE band showing heterogeneity in [Figure 1](#fig1){ref-type="fig"}B is unknown; we suspect heterogeneity is because of the fact that different cell lines were used in the processing of IKBKE. Secondly, we do not know whether the decrease in IKBKE levels is because of knockdown or decreased viability in [Figure 1](#fig1){ref-type="fig"}D. We believe that knockdown occurred in [Figure 1](#fig1){ref-type="fig"}D on the basis of the results shown in [Figure 1](#fig1){ref-type="fig"}C. We acknowledge that a decrease in cell viability may not be because of the knockdown, but the likelihood is small. Thirdly, because of the nature of this type of biological research, it is difficult to definitively know if the \<50% decrease in ALDH + indicates biological significance. A thorough discussion and further experimentation to identify whether the decrease is biologically significant is beyond the scope of this manuscript.
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Appendix A. Supplementary data {#appsec1}
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The following are the Supplementary data to this article:Multimedia componentMultimedia componentSupplementary Figure 1**IKBKE inhibitor Amlexanox reduced cell viability, cell motility, invasion and cancer stem cell sphere formation of PDAC cells. A,** Five PDAC cell lines were treated with increasing concentrations of amlexanox and MTT assay was performed after 72 hours. **B,** Amlexanox significantly inhibited L3.6pl cell sphere formation compared to vehicle. **C and D,** L3.6pl cells were plated with indicated amounts of Amlexanox 0or vehicle for cell invasion (**C**) or migration (**D**) assays. \**P* \< .05 and \*\**P* \< .002.Supplementary Figure 1Supplementary Figure 2**Magnified images of the reduced colonies in Figure 1. A,** magnified colonies from panel 1D. **B,** magnified colonies from panel 1E.Supplementary Figure 2Supplementary Figure 3**IKBKE inhibitor Amlexanox decreased PDAC tumor growth and metastasis in mice. A, B, C,** Tumor volumes of the L3.6pl orthotopic tumors were measured once per week for 4 weeks. Amlexanox significantly decreased tumor volume and tumor weight compared to vehicle. **D and F,** Amlexanox significantly decreased liver metastasis 4 weeks after treatment compared to vehicle. **E,** Tumor immunohistology shows that amlexanox decreased tumor cell proliferation index (Ki-67) and angiogenesis marker (CD31) and increased pERK expression compared to vehicle. \**P* \< .05.Supplementary Figure 3Supplementary Figure 4**Inhibition of IKBKE leads to feedback activation of the RTKs/MAPK pathway**. **A,** Amlexanox treatment at a concentration of 50 and 100 μM to L3.6pl cells for 24 h increased pERK1/2 expression and decreased pSTAT3 and pAKT expression compared to vehicle. **B,** IKBKE inhibitor (CYT387) treatment at a concentration of 1 and 4 μM for 24 h led to increased pERK1/2 expression in multiple PDAC cell lines compared to vehicle. **C**, L3.6pl cells treated with CYT387 (2 μM) showed prolonged activation of the BRaf-MEK-ERK pathway at a time-dependent manner. **D**, L3.6pl cells transfected with IKBKE siRNAs also demonstrated the increased pERK1/2 expression compared to control siRNA.Supplementary Figure 4Supplementary Figure 5**CYT387 synergizes with trametinib in a panel of PDAC cells in vitro.** The combination of CYT387 and trametinib at different concentrations on PDAC cells viability. The combination index were calculated to show the synergistic effects of the combination.Supplementary Figure 5Supplementary Figure 6**The combined treatment of CYT387 and trametinib synergistically inhibits the tumor cell signaling and induces apoptosis**. **A,** L3.6pl cells were treated with CYT387 and trametinib as shown and Western blot was performed using indicated antibodies. **B,** Western blot analyses of mouse tissues were performed with indicated antibodies. **C,** Immunohistochemistry staining with pERK1/2, CD31, Ki67, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay of the orthotopic tissues. **D,** Quantitative PCR with ErbB3 and IGF-1R primers was performed with RNA isolated from mouse tissues. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference.Supplementary Figure 6
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